Abstract: Atrial fibrillation is the most common clinically relevant cardiac arrhythmia. Prevalence and incidence rates are constantly rising with advancing population age. A severe complication of untreated atrial fibrillation is thrombus formation in the left atrial appendage with consecutive peripheral thromboembolism. Thus, atrial fibrillation is a major contributor to thromboembolic events, especially in the older population. Depending on the CHADS 2 risk score for thromboembolic events, oral anticoagulation therapy with vitamin K antagonists is currently the treatment of choice for the prevention of thromboembolism, including apoplectic strokes. However, due to the drawbacks of current anticoagulation therapy, new substances for oral anticoagulation therapy are currently being evaluated in various clinical studies. This article will provide an up to date overview of orally active compounds for the future treatment of atrial fibrillation using the direct thrombin inhibitor, dabigatran.
Introduction
Atrial fibrillation is the most common cardiac arrhythmia with an increased prevalence in the elderly. 1 During atrial fibrillation, chaotic electrical propagation prevents coordinated contraction of the atria. The resulting decreased flow velocity promotes blood stasis. It has been shown that the atrial endocardium and myocardium are involved in numerous electrical and structural remodeling processes during atrial fibrillation. Clinically, remodeling processes and activation of the clotting system may lead to the most common and severe complication of atrial fibrillation, ie, thromboembolic stroke. [2] [3] [4] [5] [6] Strategies to prevent this potentially disastrous clinical event have focused on inhibition of the coagulation cascade with anticoagulants ( Figure 1 ). [4] [5] [6] Until now, oral therapy with vitamin K antagonists has been considered to be the best therapy for patients with atrial fibrillation at increased risk for stroke. [4] [5] [6] [7] [8] Nevertheless, the novel anticoagulant dabigatran has been shown to be superior to warfarin. Therefore, this review will summarize the pharmacological and clinical aspects of dabigatran.
shortening of the atrial action potential and alteration of other electrophysiologic properties, atrial fibrillation also causes significant structural changes ("structural remodeling") in atrial tissue. Electrical and structural remodeling processes take place in atrial myocytes as well as in atrial endocardial cells (the interior surface layer of both upper heart chambers). In order to understand the impact of atrial fibrillation on adhesion molecule expression, one needs to understand these remodeling processes and their impact on downstream processes. Recent studies have provided first insights into the molecular mechanisms involved in the development of cellular and subcellular changes. Altered intracellular calcium ion homeostasis and angiotensin II receptor type 1 activation have been identified as important remodeling factors contributing to cellular and cardiac hypertrophy, atrial extracellular matrix accumulation, and fibrosis in atrial fibrillation. 7, 9, 10 Cellular calcium overloading on the one hand and angiotensin II receptor type 1-induced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity on the other hand have been demonstrated to cause excessive intracellular oxidative stress. Oxidative stress itself has also been identified to trigger atrial remodeling during atrial fibrillation ("positive feedback loop"). Gene expression profiling of atrial tissue samples from patients with sinus rhythm and atrial fibrillation revealed a decreased expression of antioxidative genes, whereas expression of five reactive oxygen species-producing genes was increased. [11] [12] [13] At the molecular level, several atrial fibrillation-related alterations of atrial tissue are due to activation of different signal transduction systems. Recently, we have been able to show the impact of the nuclear factor kappa B pathway in the process of rapid pacing-induced oxidative stress. 11 Nuclear factor kappa B in turn leads to upregulation of atrial adhesion molecule expression and reduced nitric oxide levels, which appears to influence the prothrombotic state of the endocardium in fibrillating atria. 7, 14 
Prothrombotic endocardial remodeling
Thrombus formation within the vascular system depends on pathological endothelial changes. 6, 7, 14, 15 The remodeling processes mentioned earlier affect myocardial cells and the atrial endothelium ("endocardial remodeling"). Endothelial damage and prothrombotic endothelial alteration are present in fibrillating atria. 7, 12 They are a prerequisite for the development of atrial clots, because atrial thrombi always start to grow from the atrial wall. Virchow's triad defines circumstances under which thrombus formation is likely. It also applies to atrial thrombus formation during atrial fibrillation. Accordingly, thrombi develop in the presence of reduced blood velocity (circulatory stasis), when the activity of the clotting system is increased (hypercoagulable state), and in the presence of endothelial alterations (endothelial injury). While the loss of regular atrial contractions reduces blood flow velocity, particularly in the atrial appendages, atrial fibrillation is also associated with an activation of the plasma clotting system and of platelets. 6, [16] [17] [18] [19] However, the contribution of endothelial alterations to atrial thrombogenesis is not yet fully understood. Numerous studies have shown that atrial fibrillation is associated 
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with an inflammatory response measurable by systemic inflammatory markers. 13 In turn, increased inflammatory markers and increased leukocyte-platelet interactions are predictors of atrial thrombus formation and thromboembolic stroke. 20, 21 Increased endothelial expression of adhesion molecules and reduced levels of nitric oxide could be an important link between the initiation of proinflammatory and prothrombogenic mechanisms responsible for atrial thrombus formation. 12, 14, 18 Atrial fibrillation-induced thromboemboli are very leukocyte-rich, showing the close link between coagulation and inflammation in atrial thrombus formation. 19 In atrial fibrillation, interaction between inflammatory cells and platelets is increased by enhanced platelet P-selectin expression binding to its endothelial receptor P-selectin glycoprotein ligand-1.
14, 16 Kamiyama was also able to show increased P-selectin expression on the endothelial surface layer, which was accompanied by positively intercellular adhesion molecule (ICAM)-1-stained adherent leucocytes in an rabbit atrial fibrillation model. 20 Interestingly, soluble ICAM-1 and vascular cellular adhesion molecule (VCAM)-1 levels were also found to be elevated in patients with silent cerebral infarction. 21 It is of note that soluble adhesion molecule levels were found to have a high predictive value with membrane-bound intramyocardial adhesion molecules. 22 In line with these study results, it was demonstrated that systemic plasma levels of ICAM-1 and VCAM-1 levels are increased in patients with atrial fibrillation, reaching the highest levels in patients with atrial thrombi. Soluble VCAM-1 levels appear to be an independent predictor of atrial thrombi in multivariate analysis of variance. 6, 15, 18, 23, 24 Recently, in ex vivo experiments using organotypic human atrial tissue cultures and in vivo experiments, we found increased atrial expression of VCAM-1 in patients with paroxysmal and persistent atrial fibrillation. Importantly, it was shown that increased expression of atrial adhesion molecules and reduced levels of nitric oxide occur within hours of rapid atrial pacing and is related to increased oxidative stress and generation of reactive oxygen species. 12, 14, 15 In addition to age and reduced left ventricular function, soluble VCAM-1 was an independent predictor of mortality in patients with atrial fibrillation. 25 It is of note that irbesartan and olmesartan therapy reduced adhesion molecule expression in atrial tissue during rapid pacing. Nevertheless, the clinical benefit of angiotensin receptor blocker therapy in reducing thromboembolism in atrial fibrillation has still to be proven. However, the concept of endocardial remodeling in association with complex formation of tissue factor and factor VIIa inducing fibrin generation appears to be very helpful in explaining the constant impact of various diseases like hypertension and diabetes, defined in the CHADS 2 score on atrial thrombogenesis (Figure 2 ).
6,7
Thrombin and thrombogenesis
Protease-activated receptors (PAR) 1-4 are the main thrombin receptors, which are expressed on platelets and other cell types including endothelial cells. 8 Mice lacking PAR-4 are protected from arterial thrombosis, indicating that activation of platelets by thrombin is essential for initiation of the hemostatic process. Accordingly, both PAR-4 and PAR-1 represent promising antithrombotic targets that might provide effective platelet inhibition without the liability of increased bleeding. However, thrombin is not at all, or only marginally, generated in the early phase of arterial thrombus formation and, therefore, an important role for thrombin in initial platelet activation seems unlikely. Instead, tissue factor-induced thrombin accumulation might be important in triggering secretion of platelet granules and the exposure of phosphatidylserine on the platelet membrane. Although tissue factor has a pivotal role in initiating blood coagulation, further activation of coagulation factor X through the formation of a complex between tissue factor and factor VIIa seems insufficient to support and maintain the next step of blood coagulation. This step coincides with the so-called thrombin burst and involves all coagulation factors of the intrinsic pathway. The low amount of thrombin generated by the extrinsic pathway (,2%) is efficiently balanced by the much higher concentration of thrombin generated in the thrombin burst. This mechanism also exerts positive feedback on the intrinsic pathway. The thrombin burst is also necessary for the activation of carboxypeptidase B2 (also known as thrombin-activatable fibrinolysis inhibitor), which contributes to the downregulation of plasma fibrinolysis by attenuating plasmin-mediated fibrin degradation. Blood coagulation culminates in the conversion of fibrinogen to fibrin, polymerization of fibrin, and stabilization of the fibrin network. Thrombin-catalyzed cleavage of fibrinopeptide A and fibrinopeptide B converts fibrinogen into fibrin, which spontaneously polymerizes and forms double-stranded protofibrils; these protofibrils then assemble into branched fibrin fibers that form the fibrin clot. Thus, inhibition of thrombin appears as an effective strategy to inhibit thrombus formation and thrombus growth at various stages ( Figure 1 ).
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Direct thrombin inhibitors
Thrombin has three different domains that are possible targets for thrombin-inhibiting drugs, ie, its active site and two anion-binding exosites, ABE-1 and ABE-2. 26 Direct thrombin inhibitors can bind to the active site and/or ABE-1. Direct thrombin inhibitors binding to the catalytic site and ABE-1 at the same time are called bivalent direct thrombin inhibitors as opposed to substances that only engage the active site (monovalent direct thrombin inhibitors). Compared with heparin, all direct thrombin inhibitors have the advantage that antithrombin-III is not needed as a cofactor, leading to the ability to deactivate both free and clot-bound thrombin. 27 Furthermore, no direct thrombin inhibitors in use to date have shown relevant plasma protein binding, resulting in a more predictable interindividual response. Due to their lack of interaction with platelet factor IV, direct thrombin inhibitors cannot cause life-threatening heparin-induced thrombocytopenia. 28 Common direct thrombin inhibitors include the well-known lepirudin, argatroban, bivalirudin, dabigatran, and ximelagatran. In clinical practice, dabigatran and three different factor Xa inhibitors will be available in the near future to treat patients with atrial fibrillation (Table 1) .
Pharmacology of dabigatran
Dabigatran etexilate (Pradaxa ® ; Boehringer Ingelheim Pharma GmbH and Co KG, Ingelheim, Germany) is an oral prodrug, which, after absorption, is converted to dabigatran, the active metabolite, that inhibits thrombin. 29, 30 In vitro studies have shown that dabigatran selectively and reversibly inhibits both free and clot-bound thrombin by binding to the active site of thrombin. [30] [31] [32] Dabigatran shows antithrombotic efficacy in animal models of venous thrombosis, and inhibits thrombin-induced platelet aggregation in vitro. 31, 33, 34 After oral administration, dabigatran is absorbed in the intestine. 35, 36 However, absorption of the prodrug is achieved by an acid core of the tablet, which might be a cause of the dyspepsia observed in the clinical trials. Peak plasma concentrations (C max ) of dabigatran are achieved approximately 1.5 hours (within 1-2 hours) after oral administration. 7, 8 The bioavailability of dabigatran after oral administration of dabigatran is approximately 6%-7%. 35 Renal excretion of unchanged dabigatran is the predominant pathway for elimination of dabigatran; about 80% of an intravenous dose of dabigatran is excreted unchanged in the urine. 35 In addition, a metabolic pathway involves conjugation with glucuronic acid, resulting in the formation of pharmacodynamically active glucuronides. 35 These conjugates account for about 20% of the total dabigatran in plasma. Mean C max and area under the concentration-time curve (AUC) increase in proportion to dose following single oral dabigatran etexilate doses (10-400 mg) and multiple doses (50-400 mg three times daily), demonstrating a linear, dose-proportional pharmacokinetic profile. 36 Dabigatran has a terminal halflife (t ½ ) of about 12-17 hours (Table 1) . [36] [37] [38] Time curves for assays of antithrombotic activity, including activated partial thromboplastin time and thrombin and ecarin clotting times parallel plasma concentration-time curves, with values increasing rapidly and dose-dependently. The activated partial thromboplastin time assay can provide a useful qualitative assessment of anticoagulant activity but is less sensitive at supratherapeutic dabigatran levels. 39 Assay oversensitivity with conventional thrombin clotting time methods can be resolved by using the Hemoclot ® assay, a precise and sensitive thrombin clotting time method using dabigatran standards, which enables quantitative measurement of dabigatran activity in diluted plasma samples.
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Dabigatran and renal function
Dabigatran levels are increased by renal impairment and correlate with the severity of renal dysfunction. AUC 0-∞ values were shown to be 1.5-fold, 3.2-fold, and 6.3-fold higher in subjects with mild, moderate and severe renal impairment (creatinine clearance .50 to #80, .30 to #50, and #30 mL/minute, respectively) compared with healthy subjects. In patients with end-stage renal disease, the dosenormalized AUC ∞ was approximately twice the value in the control group. Hemodialysis was found to remove 62%-68% of the dabigatran dose from the plasma of patients with endstage renal failure. These findings indicate that a dose reduction and/or an increase in the administration interval may be appropriate in patients with renal impairment (Table 1) . 40 
Drug-drug interactions
Administration of dabigatran etexilate with or without food has no effect on C max or AUC of dabigatran, although food reduced the interindividual variability in these parameters and increased the median time to maximum concentration (t max ) from 2 to 4 hours in healthy volunteers. 38, 41 Dabigatran is not metabolized by hepatic cytochrome P450 isoenzymes, does not affect the metabolism of other drugs that utilize this system, and has a low potential for drug-drug interactions. [42] [43] [44] Preclinical and clinical studies have shown that dabigatran etexilate, but not dabigatran, is a P-glycoprotein substrate and its bioavailability may be altered by P-glycoprotein inhibitors or inducers. 42 Studies have shown that drugs that inhibit the efflux transporter, P-glycoprotein, including verapamil, dronedarone, amiodarone, quinidine, and itraconazole, raise serum dabigatran concentrations. 42 
Anticoagulation monitoring
There is no requirement for routine anticoagulation monitoring when taking dabigatran etexilate. 35, 36 The ecarin clotting time assay displays a linear relationship with drug plasma concentrations in the clinically relevant drug concentration range, and exhibits adequate sensitivity and precision. 36 The ecarin clotting time assay is not routinely performed in clinical laboratories and, because it has not been standardized or validated for use with dabigatran, it is unsuitable for the quantitative analysis of dabigatran. The International Normalized Ratio (INR) is insensitive to the activity of dabigatran and is therefore unsuitable as a measure of anticoagulant activity. 39 The thrombin clotting time assay exhibited a linear relationship with plasma concentration with a high level of sensitivity, so the thrombin clotting time assay provides a direct measure of thrombin inhibition and is also highly sensitive to dabigatran. 39 However, the conventional thrombin clotting time assay is probably too sensitive for routine monitoring, because at dabigatran concentrations .600 ng/mL, the test often exceeds the maximum measurement times of most laboratory coagulometers. The activated partial thromboplastin time assay is widely available and is useful for providing a qualitative assessment of anticoagulant activity of dabigatran. While activated partial thromboplastin time measurement is not suitable for precise quantification of anticoagulant effect, especially at high plasma concentrations of dabigatran, the activated partial thromboplastin time test may be useful to assist in determining an excess of anticoagulant activity. The Hemoclot ® (Hyphen BioMed, Andrésy, France) direct thrombin inhibitor assay with dabigatran calibrators is currently the preferred measure.
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Dabigatran in cerebral bleeding models
Whereas warfarin pretreatment is associated with greater hematoma expansion after intracerebral hemorrhage, the effect direct thrombin inhibitors would have remains unclear. Using different experimental models of intracerebral hemorrhage, the study by Lauer et al compared hematoma v olume among dabigatran-treated mice, warfarin-treated mice, and controls. 45 resulted in a prothrombin time prolongation. Twenty-four hours after collagenase-induced intracerebral hemorrhage formation, hematoma volume was 3.8 ± 2.9 µL in controls, 4.8 ± 2.7 µL in mice anticoagulated with dabigatranetexilate, and 14.5 ± 11.8 µL in mice treated with warfarin (n = 16, Welch analysis of variance between-group differences, P = 0.007). In addition, a model of laser-induced cerebral microhemorrhage was applied, and the distances that red blood cells and blood plasma were pushed into the brain were quantified. Warfarin mice showed enlarged red blood cells and blood plasma diameters comparable with controls, but no difference was found between dabigatran mice and controls. Lauer et al concluded that in contrast with warfarin, pretreatment with dabigatran did not increase hematoma volume in two different experimental models of intracerebral hemorrhage. Thus, dabigatran might be safer than warfarin even in the setting of cerebral bleed.
Clinical trials of dabigatran
After demonstrating safety in a multicenter, open-label, dose-escalating study (BISTRO I), dabigatran was evaluated in a multicenter, parallel-group, double-blind study in 1973 patients regarding the incidence of venous thromboembolism after hip or knee replacement as compared with enoxaparin (BISTRO II). 46 This study could prove dabigatran to be superior at doses of 150 and 225 mg bid. 47 Subsequently, three larger Phase III studies for the treatment of deep venous thrombosis compared dabigatran (150 mg or 220 mg once daily) with enoxaparin. Two studies (RE-NOVATE and RE-MODEL) showed noninferiority concerning safety and efficacy of dabigatran compared with enoxaparin 40 mg once daily. 48, 49 In another larger study (RE-MOBILIZE), both doses of dabigatran were inferior to a dose of 30 mg enoxaparin twice daily. 50 However, the differences observed in this study were predominantly due to asymptomatic distal deep venous thromboses with major thromboembolism occurring at similar rates in all treatment groups. In patients with atrial fibrillation, one dose-finding study compared dabigatran (50, 150, or 300 mg twice daily for 12 weeks) with or without concomitant aspirin (80 mg or 325 mg once daily) against warfarin alone (PETRO trial). Aspirin treatment was terminated early because of increased bleeding events observed in the 300 mg dabigatran group (but not in the lower-dose groups studied). Anticoagulant activity in the 150 mg group was equally effective as in the 300 mg or warfarin group. These results suggest that the safety and efficacy profile of dabigatran 150 mg twice daily is comparable with standard warfarin therapy. 51 Several other trials are underway at the moment, mostly investigating the influence of dabigatran in the context of prevention and therapy of venous thromboembolism (Table 1) . Most recently, the results of the RE-LY trial have been published. [52] [53] [54] In this trial, over 18,000 patients with atrial fibrillation received either one of two doses of dabigatran (150 mg or 110 mg) or adjusted-dose warfarin (mean time in therapeutic range 64% [median 67%]). The primary outcome was systemic embolism or stroke. The primary outcome occurred in 1.53% of the 110 mg dabigatran twice daily group (P , 0.001 for noninferiority) and in 1.11% of the 150 mg dabigatran twice daily group (P , 0.001 for superiority; warfarin 1.69%). The major bleeding rate in the dabigatran groups was 2.71% versus 3.11% in the 110 mg twice daily (P = 0.003) and 150 mg twice daily (P = 0.31) groups, respectively. Notably, the rate of hemorrhagic stroke was low in both dabigatran arms (150 mg, 0.1%, P , 0.001; 110 mg, 0.12%, P , 0.001; warfarin, 0.38%). In summary, dabigatran given at a dose of 150 mg twice daily prevented more strokes than the 110 mg dose, while the latter caused fewer hemorrhages. The 110 mg dose twice daily was proven noninferior to warfarin while the 150 mg dose twice daily was superior in preventing the primary outcome. Notably, patients with a creatinine clearance of #30 mL/minute or liver disease were excluded from the study.
Dabigatran for secondary prevention
Diener et al assessed the effects of dabigatran compared with warfarin in the subgroup of patients with previous stroke or transient ischemic attack. 55 Within the subgroup of patients with previous stroke or transient ischemic attack, 1195 patients were from the 110 mg dabigatran twice daily group, 1233 from the 150 mg dabigatran twice daily group, and 1195 from the warfarin group. Stroke interaction P = 0.038). Thus, in patients with previous stroke or transient ischemic attack, the effects of 110 mg dabigatran twice daily and 150 mg dabigatran twice daily on stroke or systemic embolism were similar to those of warfarin. Most effects of both dabigatran doses were consistent in patients as compared with those without previous stroke or transient ischemic attack. 55 
Dabigatran in the elderly
In the RE-LY trial, there was a significant treatment-byage interaction, such that dabigatran 110 mg twice a day compared with warfarin was associated with a lower risk of major bleeding in patients aged ,75 years (1.89% versus 3.04%; P = 0.001) and a similar risk in those aged $75 years (4.43% versus 4.37%; P = 0.001 for interaction), whereas dabigatran 150 mg twice a day compared with warfarin was associated with a lower risk of major bleeding in those aged ,75 years (2.12% versus 3.04%; P = 0.001) and a trend toward higher risk of major bleeding in those aged $75 years (5.10% versus 4.37%; P = 0.07; P for interaction = 0.001). The interaction with age was evident for extracranial bleeding, but not for intracranial bleeding, with the risk of the latter being c onsistently reduced with dabigatran compared with warfarin, irrespective of age. The authors of this study concluded that in patients with atrial fibrillation at risk of stroke, both doses of dabigatran compared with warfarin have lower risks of both intracranial and extracranial bleeding in patients aged ,75 years. In those aged $75 years, the intracranial bleeding risk is lower, but the extracranial bleeding risk is similar or higher with both doses of dabigatran compared with warfarin.
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Dabigatran for cardioversion of atrial fibrillation
Within the RE-LY trial, cardioversion on randomized treatment was permitted. Precardioversion transesophageal echocardiography was encouraged, particularly in dabigatran-assigned patients. 57 Data from before, during, and 30 days after cardioversion were analyzed. A total of 1983 cardioversions were performed in 1270 patients: 647, 672, and 664 in the dabigatran 110 mg twice daily, dabigatran 150 mg twice daily, and warfarin groups, respectively. For dabigatran 110 mg twice daily, dabigatran 150 mg twice daily, and warfarin, transesophageal echocardiography was performed before 25.5%, 24.1%, and 13.3% of cardioversions, of which 1.8%, 1.2%, and 1.1% were positive for left atrial thrombi. Continuous treatment with the study drug for $3 weeks before cardioversion was lower on dabigatran 110 mg (76.4%) twice daily and dabigatran 150 mg twice daily (79.2%) compared with warfarin (85.5%; P = 0.01 for both). Stroke and systemic embolism rates at 30 days were 0.8%, 0.3%, and 0.6% (dabigatran 110 mg versus warfarin, P = 0.71; dabigatran 150 mg versus warfarin, P = 0.40) and similar in patients with and without transesophageal echocardiography. Major bleeding rates were 1.7%, 0.6%, and 0.6% (dabigatran 110 mg versus warfarin, P = 0.06; 150 mg versus warfarin, P = 0.99). Thus, the authors concluded that the frequencies of stroke and major bleeding within 30 days of cardioversion on the two doses of dabigatran were low and comparable with those on warfarin with or without transesophageal echocardiography guidance.
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Dabigatran compared with different INR levels
Effectiveness and safety of warfarin is associated with the time spent in the therapeutic range, ie, with an international normalized ratio (INR) of 2.0-3.0. In the RE-LY trial, dabigatran versus warfarin reduced both stroke and hemorrhage. 58 We aimed to investigate the primary and secondary outcomes of the RE-LY trial in relation to each center's mean time in therapeutic range (cTTR) in the warfarin population. For 18,024 patients at 906 sites, the cTTR was estimated by averaging time in therapeutic range for individual warfarin-treated patients calculated by the Rosendaal method. Wallentin et al compared the outcomes of RE-LY across the three treatment groups in four groups defined by the quartiles of cTTR. The authors found that the quartiles of cTTR for patients in the warfarin group were less than 57.1%, 57.1%-65.5%, 65.5%-72.6%, and greater than 72.6%. There were no significant interactions between cTTR and prevention of stroke and systemic embolism with either 110 mg dabigatran twice daily (interaction P = 0.89) or 150 mg dabigatran twice daily (interaction P = 0.20) versus warfarin. Neither were any significant interactions recorded for cTTR with regards to intracranial bleeding on 110 mg dabigatran twice daily (interaction P = 0.71) or 150 mg dabigatran twice daily (interaction P = 0.89) versus warfarin. There was a significant interaction between cTTR and major bleeding when comparing 150 mg dabigatran twice daily with warfarin (interaction P = 0.03), with fewer bleeding events at lower cTTR but similar events at higher cTTR, whereas rates of major bleeding were lower with 110 mg dabigatran twice daily than with warfarin irrespective of cTTR. There were significant interactions between cTTR and effects on both 110 mg and 150 mg dabigatran twice daily versus warfarin for the composite of all cardiovascular events (interaction P = 0.036 and P = 0.0006, respectively) and total mortality (interaction P = 0.066 and P = 0.052, respectively), with reduced event rates at low cTTR and similar rates at high cTTR. The authors of this subanalysis concluded that the benefits of dabigatran 150 mg twice daily in reducing stroke, dabigatran 110 mg twice daily at reducing bleeding, and both doses in reducing intracranial bleeding versus warfarin were consistent, irrespective of quality of INR control at the individual centers. For all vascular events, nonhemorrhagic events, and mortality, the advantages of dabigatran were greater at sites with poor INR control than at those with good INR control. Overall, these results show that local standards of care affect the benefits of use of new treatment alternatives.
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Dabigatran in warfarin-naïve patients
In RE-LY, warfarin and two doses of dabigatran, ie, 110 mg twice daily and 150 mg twice daily, were compared in a balanced population of vitamin K antagonist-naïve (#62 days of lifetime vitamin K antagonist exposure, with 33% never prescribed a vitamin K antagonist) and vitamin K antagonist-experienced patients with atrial fibrillation. 59 Typically, among patients who have not been exposed to warfarin prior to starting vitamin K antagonist treatment, a higher level of discontinuation can be observed, because a relatively high proportion of patients do not tolerate the medication for a variety of reasons (eg, frequent control). For vitamin K antagonist-naïve and -experienced patients assigned warfarin, time in therapeutic range (INR 2.0-3.0) was 62% and 67%, respectively. In vitamin K antagonistnaïve patients, stroke and systemic embolism rates were 1.57%, 1.07%, and 1.69% per year for dabigatran 110 mg twice daily, dabigatran 150 mg twice daily, and warfarin, respectively. Dabigatran 110 mg twice daily was similar to warfarin (P = 0.65). Dabigatran 150 mg twice daily was superior (P = 0.005). Major bleeding rates were 3.11%, 3.34%, and 3.57% per year, respectively. Dabigatran 110 mg twice daily and dabigatran 150 mg twice daily were similar to warfarin. Intracranial bleeding rates were 0.19%, 0.33%, and 0.73% per year, respectively. Dabigatran 110 mg twice daily and dabigatran 150 mg twice daily were lower than warfarin (P = 0.001 and P = 0.005). In vitamin K antagonistexperienced patients, stroke and systemic embolism rates were 1.51%, 1.15%, and 1.74% per year for dabigatran 110 mg, dabigatran 150 mg, and warfarin, respectively. Dabigatran 110 mg twice daily was similar to warfarin (P = 0.32); dabigatran 150 mg twice daily was superior (P = 0.007).
Major bleeding rates were 2.66%, 3.30%, and 3.57% per year, respectively. Dabigatran 110 mg twice daily was lower than warfarin (P = 0.003); dabigatran 150 mg twice daily was similar (P = 0.41). Intracranial bleeding rates were 0.26%, 0.32%, and 0.79% per year, respectively. Dabigatran 110 mg twice daily and dabigatran 150 mg twice daily were lower than warfarin (P = 0.001 for both). Results were similar for patients never on a vitamin K antagonist. Thus, the conclusion of this study was that previous vitamin K antagonist exposure does not influence the benefits of dabigatran at either dose compared with warfarin.
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Cost-effectiveness of dabigatran
On the basis of the results from RE-LY and other trials, Shah and Gage developed a decision-analysis model to compare the cost and quality-adjusted survival of various antithrombotic therapies. 60 Shah and Gage ran a Markov model in a hypothetical cohort of 70-year-old patients with atrial fibrillation using a cost-effectiveness threshold of $50,000/quality-adjusted life-year. The authors estimated the cost of dabigatran as US$9 a day. For a patient with an average risk of major hemorrhage (about 3% per year), the most cost-effective therapy depended on stroke risk. For patients with the lowest stroke risk (CHADS 2 stroke score 0), only aspirin was cost-effective. For patients with a moderate stroke risk (CHADS 2 score 1-2), warfarin was cost-effective unless the risk of hemorrhage was high or quality of INR control was poor (time in the therapeutic range ,57.1%). For patients with a high stroke risk (CHADS 2 stroke score $3), dabigatran 150 mg twice daily was cost-effective unless INR control was excellent (time in the therapeutic range .72.6%). Neither dabigatran 110 mg nor dual therapy (aspirin and clopidogrel) was cost-effective. Thus, in that study, dabigatran 150 mg twice daily was cost-effective in populations at high risk of hemorrhage or stroke unless INR control with warfarin was excellent. However, warfarin was cost-effective in moderate-risk populations as well unless INR control was poor. do not have a prosthetic heart valve or hemodynamically significant valve disease, severe renal failure (creatinine clearance ,15 mL/minute), or advanced liver disease (impaired baseline clotting function, level B evidence).
The Canadian guidelines have already implemented a reference to dabigatran, stating that when "oral anticoagulation is indicated most patients should receive dabigatran in preference to warfarin". 62 They further suggest that "in general the dose of dabigatran 150 mg bid is preferable to a dose of 110 mg bid". The European guidelines suggest its use, and provide guidance with respect to dosage. They recommend that if a patient is at "low risk of bleeding, dabigatran 150 bid may be considered", but if a patient has a measurable risk of bleeding (eg, HASBLED score .3) dabigatran etexilate 110 mg may be considered.
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Comparison with other novel anticoagulants
At present, the US Food and Drug Administration (FDA) has only reached an additional decision on rivaroxaban regarding other novel anticoagulants. 64, 65 According to FDA policy, it is essential that a new therapy must be as effective as alternatives that are already approved for marketing when the disease to be treated is life-threatening or capable of causing irreversible morbidity. Rivaroxaban was studied in the ROCKET trial, in which 14,000 patients were randomly treated with rivaroxaban 20 mg once daily or warfarin. The ROCKET trial aimed to determine that rivaroxaban was noninferior to warfarin. ROCKET enrolled higher risk patients compared with RE-LY. The study showed in different analyses with regard to the primary endpoint that rivaroxaban is superior to warfarin. However, the FDA questioned some aspects of the trial data. The INR for patients in the warfarin group was in the therapeutic range only 55% of the time. When the FDA analyzed data only from study sites where patients' average time in the therapeutic range was above specified thresholds, they found that the RR of stroke or systemic embolism with rivaroxaban was near unity compared with warfarin. Interestingly, there was a high rate of stroke and systemic embolism in the rivaroxaban group between day 2 and day 7 after discontinuation of therapy. Therefore, low time in therapeutic range in the warfarin group and exclusion of excess events after treatment discontinuation might have contributed to the favorable results obtained in ROCKET-AF. The FDA noted that the once-daily dosage was not well supported by the pharmacokinetic data, but finally approved the substance for use in patients to "prevent stroke in people with common type of abnormal heart rhythm". It was suggested that rivaroxaban might be used in patients who have a inadequate response to or cannot take dabigatran or warfarin. However, head-to-head comparisons of novel anticoagulants are missing. 65 Interestingly, and in contrast with previous trials in patients with acute coronary syndromes, rivaroxaban therapy reduced total mortality at a very low dose (2.5 mg twice daily) in the ATLAS ACS2 TIMI 51 trial. The trial results are impressive. Therefore, it might be speculated that new agents may have substantial different effects in various clinical settings.
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Conclusion
Patients at risk of thromboembolic stroke must be assessed on an individual basis, weighing bleeding risk against that of stroke. Dabigatran studied at two doses in the RE-LY trial proved noninferior to warfarin in respect to stroke or systemic embolism. Regarding bleeding events, dabigatran 110 mg twice daily was superior to a vitamin K antagonist, while at 150 mg twice daily, a higher efficacy in terms of stroke and systemic embolism prevention went along with a risk comparable with that of warfarin. Nevertheless, very recent reports suggest that bleeding and death may occur if dabigatran is used in patients with significant renal impairment. Therefore, renal function has to be carefully evaluated before the initiation of therapy in patients with atrial fibrillation.
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